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TECHNICAL MEMORANDUM X-126

EFFECTS OF THREE SPANWISE TWIST VARIATIONS
ON THE LONGITUDINAL AERODYNAMIC CHARACTERISTICS OF A
THIN 45° SWEPTRACK HIGHLY TAPERED WING AT
TRANSONIC SPEEDS*

By John P. Mugler, Jr.

SUMMARY

\oL e+

Tests were conducted at transonic speeds on four wings: an untwisted
wing to serve as a reference, and wings with linear, quadratic, and cubic
twist variations across the span. All of the twisted wings had 0° twist
at 10 percent of the semispan and 6° washout at the tip. The tests cov-

3 ered a Mach number range from 0.80 to 1.20 and angle-of-attack range from
-4° to 20°. Data were taken at stagnation pressures of 0.5 and 1.0 atmos-

phere which corresponded to Reynolds numbers of about 1.4 x 106 and

2.8 x 10° based on the wing mean aercdynamic chord, respectively. The

wings have an aspect ratio of 4, taper ratio of 0.15, and 45° sweepback

of the quarter-chord line. The wings were cambered and had a thickened
root section.

Wing twist produced a pitching-moment shift at low 1lift in the
direction to reduce trim drag. The twist was also responsible for an
increase in the minimum drag coefficient over the Mach number range
which resulted in decreases in the untrimmed maximum lift-drag ratio. \//

INTRODUCTION

A research program has been conducted at the langley Research Center
to determine the loads due to wing twist at transonic and low supersonic
speeds. As part of this program, tests have been made on four wings at
transonic speeds: an untwisted wing to serve as a reference, and wings

a with linear, quadratic, and cubic variations of twist across the span.

. *Title, Unclassified. DECLASSIFIED = EFFECTIVE 1-15-6L
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Pressure measurements on these wings have been presented in references 1 i
to 4. The force measurements on these wings are presented herein.
SYMBOLS
A aspect ratio
M free-stream Mach number
I
. =
Cy, 1ift coefficient, 1ALt 7
QS p
=
Cp drag coefficient, Dra
as
o L Pitching moment about c/b
Cm pitching-moment coefficient,
asSc
L. Normal force »
Cx normal-force coefficient,
qS
Axial f
Ca axial-force coefficient, ox-a- woree
qsS
(1/D) maximum value of lift-drag ratio
CL’(L/D)ma.x 1ift coefficient at (L/D)
CD,min minimum drag coefficient
5 total wing area
b wing span
Yy spanwise distance measured from body center line
c wing mean aerodynamic chord »
R Reynolds number based on wing mean aerodynamic chord
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R 3
Dy stagnation pressure, atm
q free-stream dynamic pressure
a angle of attack of body center line
fa'e ) aeroelastic twist angle (angle of attack of wing station

minus angle of attack of wing-body center line)
@ built-in twist angle
APPARATUS
Tunnel

The investigation was conducted in the Langley 8-foot transonic
pressure tunnel. The test section of this facility is rectangular in
cross section. The upper and lower walls are slotted longitudinally to
allow continuous operation through the transonic speed range with negli-
gible effects of choking and blockage. During this investigation, the
tunnel was operated at stagnation pressures of approximately 0.5 and
1.0 atmosphere. The dewpoint of the tunnel air was controlled and was
kept constant at approximately O° F. The stagnation temperature of the
tunnel air was automatically controlled and was kept constant and uniform
acrcss the tunnel at 1230 F. Control of both dewpoint and stagnation
temperature in this manner minimized humidity effects. Details of the
test section are presented in reference 5.

Models

Bach wing has a sweepback of 459 of the 0.25c line, an aspect ratio
of 4, and a taper ratio of 0.15. The wing section varies linearly in
thickness from an NACA 65A206 section with a = O at the root to an
NACA 65A203 section with a = 0.8 (modified) at the 50-percent-semispan
station. The airfoil section remains constant from the 50-percent-
semispan station to the tip. Streamwise ordinates for this wing are
presented in reference 1. Twist was built into three wings from 10 per-
cent of the semispan to the tip. The twist varied linearly, quadratically,
and cubicly, respectively, on the three wings. In each case the twist was
0° at the 10-percent-semispan station and 6° at the tip. The sections
were twisted about the leading edge in planes parallel to the model plane
of symmetry with the trailing edges up; therefore, the tips are at a
lower angle of attack than the wing-body center line. The four wings
were constructed of steel and tested as midwing configurations in com-
bination with a central body. Ordinates for this central body are
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presented in table I. The shape of this body would be identical to the
pressure body used in references 1 to 4 except that the base was cut off
at station 35.3 inches to accommodate an internal strain-gage balance.
Details of the wing-body combinations are presented in figure 1 and the
built-in wing twist characteristics are presented in table II.

The model support sting extended from the base of the body and was,
in turn, attached to the central support system of the tunnel. This
support system kept the model near the center line of the tunnel through-
out the angle-of-attack range.

TESTS

Tests were made at Mach numbers from 0.80 to 1.20 at tunnel stagna-
tion pressures of approximately 0.5 and 1.0 atmosphere. At Mach numbers
between 1.03 and 1.13, boundary reflected disturbances struck the model,
so that no data were recorded in this Mach number range. At a stagnation
pressure of 0.5 atmosphere the angle-of-attack range extended generally
from -4° to 20°; at a stagnation pressure of 1.0 atmosphere, the angle-
of-attack range generally extended from -4° to 12°.

Transition strips were fixed on the model during all of the tests.
The strips were about 0.10 inch wide and were formed by sprinkling
No. 120 carborundum grains on a plastic adhesive. The strips extended
from the wing-body Jjuncture to the wing tip at 10 percent of the local
chord on the upper and lower wing surfaces and formed a ring around the
body at 10 percent of the body length.

The Reynolds number, based on a mean aerodynamic chord length of
8.42 inches, varied over the Mach number range from about 1.3 X 100 to
1.5 X 106 during tests at 0.5 atmosphere and from about 2.6 X 106 to
2.9 X 106 during tests at 1.0 atmosphere. The dynamic pressure varied
over the Mach number range from about 310 to 435 pounds per square foot
during tests at 0.5 atmosphere and from about 620 to 880 pounds per
square foot during tests at 1.0 atmosphere. (See fig. 2.)

MEASUREMENTS AND ACCURACY

The pressure wings of references 1 tc 4 were fitted to a body which
housed a three-component internal strain-gage balance. The pressure
orifices in the wing were not hooked up during these force tests. A
study of factors affecting the accuracy of the results, such as balance
accuracy, repeatability of data, and dynamic-pressure variations

L

NN\



N\

3.. Ge’con :.m.. ° 5

indicates that the measured coefficienis are accurate within the fol-
lowing limits:

[ X X J
[ X N J
(X X X

u..:

M C;, and Cy Cp and Cp Cm
0.80 10.028 +0.0011 +0.0054
1.20 1.019 *.0008 +.0038

The angle of attack of the model was measured with a strain-gage
attitude transmitter mounted in the nose of the model and is estimated
to be accurate within +0.2°.

Calibrations of the tunnel test section indicate that local devia-
tions from the average free-stream Mach number are of the order of
+0.005 at subsonic speeds. With increases in Mach number, these devia-
tions increase but 4o not exceed t0.010 in the region of the wing at
M = 1.20. Several representative Mach number distributions along the
center of the test section are presented in reference 5. The average
free-stream Mach number was held to within $+0.005 of the nominal values
shown on the figures.

The stagnation pressures of 1,058 and 2,116 pounds per square foot
have been designated 0.5 and 1.0 atmosphere, respectively, throughout
this study. During the tests, the stagnation pressure was held to within
110 pounds per square foot during tests at 0.5 atmosphere and to within
120 pounds per square foot during tests at 1.0 atmosphere.

CORRECTIONS

No corrections have been applied to the data for boundary-interference
effects. At subsonic speeds, the slotted test section minimized boundary-
interference effects such as blockage and boundary-induced upwash.

No corrections have been applied to the data for aeroelastic effects.
The aercelastic wing-twist angles have been computed for these wings
using measured influence coefficients in conjunction with pressure data.
(See refs. 1 to 4.) Figure 3 presents aeroelastic twist angles Aa near
the tip (# = O.95> for the four wings.
2

The drag data have been adjusted to the condition of free-stream
static pressure at the model base.
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RESULTS

The force and moment characteristics of the wing-body combinations
(untwisted, linearly twisted, quadratically twisted, and cubicly twisted
wings) are presented in figures 4 to 7, respectively. Tabulated coeffi-
cients, about both the body and stability axes for the four configurations,
are presented in tables III to VI. The effects of the three spanwise
twist distributions on the significant aerodynamic parameters are pre-
sented in figure 8. Generally, the data taken at 0.5 atmosphere were
used to obtain the analysis curves of figure 8. However, at M = 0.80
for the quadratically twisted wing-body combination, no data were
recorded at 0.5 atmosphere so the data at 1.0 atmosphere were used.

DISCUSSION

Effects of Three Spanwise Twist Variations

Lift characteristics.- The most significant effect of twist on the
1ift characteristics is a decrement in the 1lift coefficient at low and
moderate angles of attack up to about 12°. (See figs. 4(a), 5(a), 6(a),
and 7(a).) A shift of this nature would be expected since the average
angle of attack over the span for the twisted wings is less than the
average angle of attack of the untwisted wing. At a Mach number of 0.80
near 0° angle of attack, the linear twist distribution causes the largest
decrement (about -0.16) in 1ift coefficient; the quadratic and cubic
distributions cause succeedingly lesser decrements. This same trend is
evident through the Mach number range, although at the higher Mach num-
bers the magnitude of the decrement caused by the twist diminished
slightly. With increases in angle of attack above 80, the decrement in
1lift coefficient due to twist diminishes quite rapidly. At a Mach num-
ber of 0.80 and an angle of attack of 12°, for example, the decrement
due to the linear twist distribution is -0.06 in 1lift coefficient as
compared to -0.16 at 0° noted previously. Further increases in angle
of attack above 12° cause this decrement to continue to diminish until
it is about zero at 20° angle of attack.

The data of references 1 to 4 indicate that the untwisted wing is
more flexible than the three twisted wings. Also, at a constant angle
of attack the untwisted wing is generally carrying a greater load than
the twisted wings. Therefore at a given angle of attack the untwisted
wing experiences larger aeroelastic deflections than the twisted wings.
However, the differences in aerocelastic deflections are not large enough
to obscure the effects of the built-in twist. Considering the differences
in aseroelastic deflections for the data at 0.5 atmosphere used in this
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analysis, it is estimated that the tip sections of the twisted wings
were operating at angles of attack about 5° less than the tip sections
of the untwisted wing at the higher angles. 1In other words, the more
flexible untwisted wing twists about 1° more under load than the twisted
wings.

The effects of the built-in twist on the lift-curve slopes measured
in the region of zero lift are shown in figure 8(a). Wing twist is
responsible for a small increase in lift-curve slope up to a Mach number
around 1.0.

Pitch characteristics.- Wing twist causes a positive increment in
pitching-moment coefficient as might be expected. (See figs. 4(b), 5(b),
6(b), and 7(b).) This positive increment in the pitching moment is
significant because it will result in lower trim drag for the twisted
wing configurations. At a Mach number of 0.80 near zero 1lift, the
linear twist distribution causes the largest increment (about 0.030) in
pitching moment (figs. 4(b) and 5(b)); the quadratic and cubic distri-
butions cause succeedingly lesser increments. This trend, which is
exhibited throughout the Mach number range generally disappears at lift
coefficients near those of the unstable break in the pitching-moment
curves. The characteristics of the unstable break for the untwisted
and twisted wings are generally very similar although the onset is
usually delayed to .a higher 1ift coefficient for the twisted wings.

The effects of twist on the static-longitudinal-stability parameter
near zero lift are shown in figure 8(a). Wing twist causes a small
decrease in (acm/acL)CEzo at the lower Mach numbers, this effect

diminishing at the higher Mach numbers.

Drag characteristics.- The effects of twist on the drag character-
istics are shown in figures 8(b) and 8(c). The drag-due-to-1lift factor
BCD/BCL2 on figure 8(b) was obtained using experimental data at 1ift

coefficients from minimum drag up to about O.4. The drag-due-to-1lift
factor for full leading-edge suction at subsonic speeds 1/nA is

shown for reference. The wing twist has very little effect on the drag-
due-to-1ift factor over the Mach number range. However, it is respon-
sible for an increase in the minimum drag at all Mach numbers. This
increase in minimum drag results in decreases in the maximum 1ift-drag
ratio of about 1.0 at subsonic speeds and about O.4 at supersonic speeds
(fig. 8(c)). However, the decrease in maximum lift-drag ratio might be
more than compensated for by the gains in trimmed lift-drag ratio asso-
ciated with the positive pitching-moment increment previously noted.
Wing twist increased the 1ift coefficient for maximum lift-drag ratio
over the Mach number range. (See fig. 8(c).)
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Effects of Variations in Stagnation Pressure

In figures 4 to 7, the flagged symbols represent data obtained at
a stagnation pressure of 1.0 atmosphere. Doubling the stagnation pres-
sure doubled the Reynolds number from about 1.4 x 106 to about 2.8 x 106.
(See fig. 2.) Transition was fixed during tests at both stagnation pres-
sures and the data of references 1 to 4 indicate that fixing transition
tended to minimize the effects of Reynolds number. The calculated aero-
elastic twist angles in figure 3 show that generally the outboard wing
sections are operating at a lesser angle of attack at a stagnation pres-
sure of 1.0 atmosphere than at a stagnation pressure of 0.5 atmosphere
because of the differences in dynamic pressures. Therefore, the differ-
ences in the force and moment coefficients in figures 4 to 7 between
data taken at a stagnation pressure of 0.5 atmosphere and 1.0 atmosphere
should be attributed mainly to aerocelastic effects rather than Reynolds
number effects.

CONCIUSIONS ‘

An investigation of the effects of three spanwise twist variations
on the aerodynamic characteristics in pitch of a thin 450 sweptback
highly tapered wing at transonic speeds leads to the following
conclusions:

1. A linear spanwise twist variation from O° at the 10-percent semi-
span to 6° washout at the tip produced an appreciable-pitching-moment
shift at low lift in the direction to reduce trim drag. Quadratic and
cubic distributions produced succeedingly lesser pitching-moment shifts.

2. All spanwise twist variations caused an increase in the minimum
drag coefficient over the Mach number range which resulted in decreases
in the untrimmed maximum lift-drag ratio.

Iangley Research Center,
Nationsal Aeronautics and Space Administration,
langley Field, Va., July 23, 1959.
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. Mugler, John P., Jr.: Basic Pressure Measurements at Transonic Speeds

on a Thin 45° Sweptback Highly Tapered Wing With Systematic Spanwise
Twist Variations - Untwisted Wing. NASA MEMO 10-20-58L, 1958.

. Mugler, John P., Jr.: Basic Pressure Measurements at Transonic Speeds

on a Thin 45° Sweptback Highly Tapered Wing With Systematic Spanwise
Twist Variations - Wing With Linear Spanwise Twist Variation. NASA
MEMO 12-28-58L, 1959.

. Mugler, John P., Jr.: Basic Pressure Measurements at Transonic Speeds

on a Thin 45° Sweptback Highly Tapered Wing With Systematic Spanwise
Twist Variations - Wing With Quadratic Spanwise Twist Variation.
NASA MEMO 2-24-59I,, 1959.

. Mugler, John P., Jr.: Basic Pressure Measurements at Transonic Speeds

on a Thin 45° Sweptback Highly Tapered Wing With Systematic Spanwise
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TABIE I.- BODY ORDINATES

Station, Redius, in.
in. from nose ?

0 0

1 .282
2 460
3 612
4 LTH3
5 .862
6 .969
T 1.062
8 1.150
9 1.222
10 1.290
11 1.350
12 1.404
13 1.452
14 1.493
15 1.526
16 1.552
17 1.575
18 1.590
19 1.602
20 1.606
21 1.602
22 1.594
23 1.578
24 1.560
25 1.532
26 1.501
27 1.460
28 1.414
29 1.360
30 1.300
31 1.231
32 1.158
33 1.076
3k .984
35 .878
35.3 .8hL

N~ \0
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TABLE II.- WING TWIST CHARACTERISTICS

Ving section twisted Section chord line

about leading edge

7

ll/f-Reference line

Typical Section

¢, deg
A
b/2 Untwisted Wing with Wing with Wing with
wing linear twist quadratic twist cubic twist

0 0 0 0 0

.10 0 0 0 0

.12 0 .133 .003 .000
.25 0 1.000 .167 .028
o) 0 2.000 .667 .222
.60 0 3.32k4 ©1.852 1.029
.80 0 L. 667 3.630 2.823
-95 0 5.657 5.352 5.05k4
1.00 0 6.000 6.000 6.000
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Figure 3.- Variation with angle of attack of the aeroelastic twist
angles near the tip (é%a = 0.9%> for the four wings. (Data from

refs. 1 to 4.)
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Figure 3.- Continued.
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(b) Pitching-moment coefficient.

Figure 4.- Continued.
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Figure 5.- Continued.
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Figure 5.- Concluded.
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(b) Pitching-moment coefficient.

Figure 6.- Continued.
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(b) Pitching-moment coefficient.

Figure 7.- Continued.
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Drag coefficient, Cp,
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Figure 8.- Effects of three spanwise twist variations on the aerodynsmic
bParameters. -
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Figure 8.- Continued.
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Figure 8.- Concluded.
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